We investigate an extension of the Singlet Majoron Model in which the breaking of dilatation symmetry by the mass parameters of the scalar potential is removed by means of a dilaton field. Starting from the one-loop renormalization group improved potential, we discuss the ground state of the theory. The flat direction in the classical potential is lifted by quantum corrections and the true vacua are found. Studying the finite temperature potential, we analyze the cosmological consequences of a Jordan-Brans-Dicke dilaton and show that the lepton number is spontaneously broken after the electroweak phase transition, thus avoiding any constraint coming from the requirement of the preservation of the baryon asymmetry in the early Universe. We also find that, contrary to the Standard Model case, the dilaton cosmology does not impose any upper bound on the scale of the spontaneous breaking of scale invariance.
Introduction
One of the most remarkable properties of the Standard Model (SM) of electroweak interactions is that it is scale invariant up to the mass term in the Higgs sector, responsible for the spontaneous symmetry breaking, and a possible constant term related to the vacuum energy density.
Theories with mass parameters may still have hidden nonlinearly realized scale invariance [1] , which may play a role in solving the cosmological constant problem [2] and can account for the hierarchy of scales observed in the SM between the weak scale and the Planck and/or the Grand Unification scale [3] . Also it is intriguing that models which display a nonlinearly realized scale invariance in their low energy effective theories occur in some unification schemes, including models based on compactification of higher dimensions [4] and string theories [5] .
A trace of the scale invariance may still exist at low energies in the form of a pseudoGoldstone boson, the dilaton, which couples in a universal way to all mass terms and gains a mass due to the explicit breaking of classical scale invariance by quantum corrections [3] . Coupling a Jordan-Brans-Dicke (JBD) dilaton to the SM leads to a model equivalent under a conformal transformation to the SM coupled to a JBD gravity theory [6] and to interesting phenomenological consequences. In particular, Buchmüller and Busch [3] have shown that the existence of a JBD dilaton would impose an upper bound of about 100 GeV on the top quark mass, the precise value depending on the dilaton decay constant f , from the requirement that the ground state breaks the electroweak gauge symmetry.
The presence of a JBD dilaton would also have significant cosmological implications, for the range of cosmologically allowed neutrino masses [7] and for the dynamics of the electroweak phase transition, see refs. [8] and [9] , which has been shown to be first order and to occur at the chiral symmetry breaking phase transition. In particular, Mc Donald [9] has recently emphasized that there is a serious problem with the energy density in the dilaton field following the electroweak phase transition, with most of the energy in the electroweak vacuum going into oscillations of the dilaton field at T QCD ∼ 150 MeV, causing the Universe to be matterdominated at nucleosynthesis and the standard calculation of element abundances to disagree with observations. To avoid this problem one has to impose the upper bound f < ∼ 10 7 GeV on the scale of the spontaneous breaking of scale invariance. Such a requirement is well in contrast with the natural identification f M P in models in which the hierarchy between the Planck scale M P and the weak scale is explained by the underlying scale invariance [3] through the introduction of a JBD dilaton. Motivated by this troublesome inconsistency present in the SM, we investigate which kind of implications would have have the coupling of a JBD dilaton to one of the most attractive extension of the SM, the Singlet Majoron Model (SMM) [10] . In the SMM a gauge singlet scalar and three right-handed neutrinos are introduced, and a global U(1) L group associated to the lepton number is spontaneously broken, giving rise to Majorana masses for the right-handed neutrinos. The model naturally incorporates the see-saw mechanism [11] and can therefore explain why left-handed neutrinos are much lighter than their right-handed counterparts. However, the realization that the baryon (B) and lepton (L) violating, while (B − L) conserving, quantum effects in the SM are efficient at high temperatures [12] gives rise to a very strong bound on the Majorana masses of light neutrinos, m ν < ∼ 1 eV [13] . The point is that the SM anomalous effects still allow a baryon asymmetry generated at some superheavy scale [14] to survive if the Universe had a nonvanishing primordial (B − L) asymmetry, but, if other interactions which violate B, L and also the combination (B − L) are in equilibrium at temperatures above the Fermi scale, then no cosmological baryon asymmetry can survive [13] . One has to require that the new L-violating interactions not to be in equilibrium at all temperatures at which anomalous interactions are still active, which leads to the above mentioned strong bound on m ν . A natural way to avoid such a constraint is to generate Majorana neutrino masses with a spontaneous L-number breaking at the electroweak scale or below. The conservation of L-number at higher scales prevents the existence of the dangerous 2 , where φ is the standard Higgs scalar doublet and
It has been recently shown that in the supersymmetrized version of the SMM [15] and in the triplet-singlet Majoron Model [16] the phase transition leading to the L-number breaking can occur at temperatures below the weak scale, thus avoiding any constraint coming from the requirement of the preservation of the baryon asymmetry. The aim of this paper is to show that the same feature is naturally achieved when a JBD dilaton is coupled to the SMM and that, contrary to what happens in the SM, no upper bound on the dilaton decay constant f comes from considerations about the JBD dilaton cosmology.
The paper is organized as follows. In Sect. 2 we describe the SMM with hidden scale invariance and derive the one-loop renormalization group improved effective potential, whose minimization allows to break the vacuum degeneracy present at the classical level. In Sect. 3 we deal with the one-loop finite temperature effective potential and study the dynamics of the SU(2) L ⊗ U(1) Y and U(1) L phase transitions. In Sect. 4 we present our conclusions.
The SMM with hidden scale invariance
The Lagrangian for the scale invariant extension of the SMM is
is the lepton doublet and h ν and g R are 3 × 3 matrices of Yukawa couplings.
Due to the specific couplings of the Goldstone field σ, the Lagrangian (1) is invariant under dilatations
where ψ denotes a generical fermion field in the Lagrangian (1). The classical equations of motion for the scalar fields read
The existence of non-trivial constant solutions σ 0 , φ 0 and S 0 constraints the allowed parameters present in V 0 . For instance, for m both negative. In such a case from eq. (4) one discovers that the constant a 4 is fixed to be
and symmetry breaking vacuum expectation values define in the valley floor a flat direction
Note that γ > 0 should be bounded from above in order that symmetries are broken. (If γ < 0 the same condition is required for the potential to be bounded from below). The consistency requirements for the couplings present in V 0 imply that the classical energy density vanishes at the stationary points and the potential V 0 takes the special form
The degeneracy in the vacuum expectation values and the vanishing of the vacuum energy density are expected to disappear in quantum field theory where scale invariance is anomalous [17] . Thus, we consider the one-loop corrections to the potential V 0 which can be computed by standard methods [18] . Since the dilaton interactions are not manifestly renormalizable, we treat σ as a classical background field. A convenient choice of the renormalization conditions yields, in the Landau gauge,
where g and g are the SU(2) L and the U(1) Y gauge couplings, respectively, g t is the Yukawa coupling for the top quark, the heaviest fermion in the SM and m 2 ± are given by
The
M dm
where γ φ and γ S are the anomalous dimensions of the Higgs and singlet fields
The constraint given by eq. (5) can be also imposed on the renormalized quantities and, since the scale dependence of (βλ − γ 2 ) a 4 and 2γm
S is different, the renormalization mass M remains fixed.
The minimization of the one-loop renormalization group effective potential allows us to eliminate the vacuum degeneracy described by eq. (6). The analysis may be simplified considerably by expanding the complicated terms in eq. (8) in a series around γ = 0 and retaining only the lowest order terms. A straightforward calculation gives
where
and
The value of exp (2σ 0 /f ) can be read off from eqs. (6) and (18)- (20) where all the parameters are meant to be evaluated at the scale M.
To find the ground-state energy and the dilaton mass, it is usuful to define the new fields
so that the one-loop effective potential (8) now reads
whereV is the one-loop effective potential without dilaton field and ∆ is the anomalous divergence of the dilatation current
Using the extremum conditions
and the fact thatV is scale-independent, dV /dM = 0, one easily derives the ground-state energy and the dilaton mass [3]
In ref. [7] the upper bound m N R < ∼ 130 GeV on the largest right-handed neutrino mass was obtained, roughly requiring that m 2 σ > 0 or, equivalently, m
However, in ref. [7] it was assumed that neutrino masses are present and the lepton number is broken at all scales. In the model under consideration the presence of the gauge singlet S is fundamental to provide neutrino masses via the spontaneous breaking of the global group U(1) L at the scalef and one has to require that m
does not give any particularly strong bound on the largest eigenvalue m N R . Nevertheless, in the see-saw mechanism one would obtain for the electron neutrino mass m νe ∼ m 2 D / g Rf , where in the simplest scenario one expects m νe ∼ m e . The current limit on m νe would then imply thatf > ∼ 100 GeV. Iff v, then the φ-and the S-sectors would be effectively decoupled unless one imposes a fine-tuning on the involved parameters or, more correctly, a fine-tuning on the initial conditions for the Renormalization Group Equations (10)- (15) . Thus, in the following we shall assume thatf and v are roughly the same scale, as well as m 2 φ and m 2 S . We can embed our theory in a background spacetime described by a metric g µν and demand that the resulting theory be invariant under local rescalings of the metric g µν → g µν = exp [2γ(x)] g µν . In order that the potential term √ −gV (σ, φ, S) be invariant, we demand that σ, φ and S transform as σ = σ − f γ(x) and φ = exp [−γ(x)] φ and S = exp [−γ(x)] S [19] . The φ and the S kinetic terms used in eq. (1) are not Weyl invariant. However, if we use for the terms involving the dilaton field σ and the Higgs doublet φ (and similarly for S) the Lagrangian
the classical theory is no longer invariant under dilatations, which would require the kinetic term exp (2σ/f ) ∂ µ σ∂ µ σ for the dilaton field. However, a characteristic feature of the Lagrangian (27) is an approximate Weyl invariance in curved space, which is only broken by the kinetic terms of gravitational and dilaton field
where R is the curvature scalar
is what is generally called the JBD dilaton. The theory is the Jordan-Brans-Dicke theory of gravity with the SMM as matter sector [6] . In the next section we shall make use of kinetic terms like those in eq. (27) to find the Friedmann-Robertson-Walker (FRW) equation governing the dynamics of the dilaton field.
The effect of dilatons on the phase transitions in SMM
We first consider the finite temperature potential [20] of the SMM where the dilaton can be added in the standard manner [1] 
The finite temperature potential V T is given in an expansion of (1/π)m i /T , up to terms of order 1/T , where m i (σ, z φ , z S ) are the various particle masses as functions of the scalar fields. The constant c essentially counts the total number of degrees of freedom. We have replaced the bare mass parameters by the corresponding plasma masses [20] in V T to avoid the latter to be ill-defined in z φ = z S = 0. The dilaton field σ is not in thermal equilibrium at temperatures below the scale f (see Enqvist in ref. [8] ). Since |σ/σ| T , from the point of view of finite temperature field theory the σ field will act as a constant [9] . The dynamics of the dilaton field is described by the FRW equation of motion
where H is the Hubble constant. In writing eq. (31) we have followed ref. [9] and taken into account that σ does not fluctuate fast enough to be in thermal equilibrium with φ and S, so that its expectation value should not be determined by minimizing the finite temperature potential, but the T = 0 potential where z φ and z S have to be replaced in eq. (31) by their thermal average values, z φ T and z S T , respectively. The value of σ at its minimum at a given temperature is therefore
The realization that any matter-antimatter asymmetry created at some superheavy scale [14] can be easily wiped out by B-and L-SM quantum effects [12] , unless the baryon asymmetry is proportional to the combination (B − L), makes us faced with the vital problem of avoiding that new L-violating interactions beyond the SM are in thermal equilibrium when the SM anomalous effects are still active. On the other hand, the SMM [10] naturally predicts Lviolating interactions and it has been recently shown in ref. [28] that the global U(1) L group is spontaneously broken before the electroweak phase transition so that a new mechanism to regenerate the baryon asymmetry at the Fermi scale has to be invoked, leading to a severe upper bound on the mass of the lightest neutral Higgs from the requirement that the SM anomalous effects are sufficiently suppressed after the accomplishment of the electroweak phase transition [29] . Motivated by these considerations, we have investigated an extension of the SMM with a dilaton field in which the breaking of the scale invariance by the mass parameters of the scalar potential is removed. Scale invariance remains broken by the dependence of the couplings on the renormalization mass, i.e by the conformal anomaly, and by the kinetic term of the dilaton. In curved space-time this theory is precisely the Jordan-Brans-Dicke theory of gravity with the SMM as matter sector [6] .
Starting from the one-loop renormalization group improved potential we have discussed the ground state of the theory. The classical potential has a flat direction lifted by quantum corrections which have allowed us to break the vacuum degeneracy and to find the true minima of the model.
We have then analyzed the cosmological consequences of a JBD dilaton on the dynamics of the SU(2) L ⊗ U(1) Y and U(1) L phase transitions in the early Universe. We have concluded that the lepton number is spontaneously broken after the electroweak phase transition, when anomalous effects are no longer active, which permits to escape any strong bound on the couplings of the model. Furthermore, we have shown that, contrary to the case of the SM coupled to a JBD dilaton, the scale f of the spontaneous breaking of scale invariance receives no limit from considerations on the dilaton and/or neutrino cosmology, so that we can still identify the scale f with the Planck scale as required to achieve a scalar-tensor theory of gravity and to provide an explanation for the mass hierarchy between the Planck and the Fermi scale [3] .
